The nucleotide 5-dGMP and polynucleotide poly(dGdC)⅐poly(dGdC) have been irradiated by using a 200-fs, 200-nm laser pulses and spectrally characterized by using time-resolved infrared spectroscopy. Under the experimental conditions, 200-nm excitation generates both electronic excited states and radical cations through photoionization; the former decay rapidly to vibrationally hot ground state. By using infrared signatures we have been able to follow these processes, and at time scales of >1 ns we observe an infrared marker band at 1,702 cm ؊1 within both 5-dGMP and the polynucleotide assigned to a photoionized product of guanine. This transient has also been reproduced through indirect chemistry through the reaction with photogenerated carbonate radical with 5-dGMP. The ability to use time-resolved infrared spectroscopy in this way paves the way for developing solution-phase studies to investigate both direct and indirect radiation chemistry of DNA.
O
f the large number of ionizing events per day that are known to be a potential threat to the living cell through DNA damage, only a few are believed to lead to irreparable damage (1) . This small number of irreversible events is significant because it is the fundamental step that ultimately leads to mutation and the onset of cancer (2) . Oxidative stress is known to be a primary cause of such damage occurring through the formation of radical ions of nucleic acid bases, and the ease with which each individual base is ionized to produce the corresponding base radical cation is determined by its ionization potential, the order being G Ͻ A Ͻ C Ϸ T (3). Thus, within a randomly photoionized DNA strand through hole transfer from one base to the next, damage tends to favor formation of the G base radical (4) (5) (6) . There is considerable research effort in trying to understand the precise mechanism of long-range electron transfer as a function of the sequence-dependent structure and how this mechanism relates to DNA damage (7) (8) (9) (10) (11) . UV radiation to initiate DNA base ionization has proven extremely useful for studying direct DNA damage (4) (5) (6) 12 ) along with pulse radiolysis (13) . Traditionally, reactions in DNA are monitored by either following the kinetics on the nanosecond time scale using UV͞visible absorption spectroscopy (5, 6, 12, 13) or determining the resulting base damage (single-or double-strand breaks) using hot piperidine treatment or excision enzyme analysis followed by gel electrophoresis (14, 15) . Conversely, ESR spectroscopy has provided structural information on ionization products. These studies used either UV͞visible irradiation or pulse radiolysis to produce ionized DNA species in frozen glass at cryogenic temperatures (16) (17) (18) (19) and in solution (20) . However, this method did not permit ultrafast time scales to be studied. It is known that the chemical processes involved in DNA damage stretch across a wide range of time domains from femtoseconds to seconds, and being able to observe the earliest events is of fundamental importance. Time-resolved vibrational spectroscopy offers a direct structural probe on ultrafast time scales and in solution phase. We believe that ultrafast infrared (IR) spectroscopy can provide a powerful tool to investigate the initial stages of the complex mechanism of the guanine radical cation formation and the long-range migration, which may ultimately lead to deleterious health consequences. Our recent work has demonstrated the use of picosecond time-resolved IR (ps-TRIR) spectroscopy (21) to monitor the consequences of 267-nm electronic excitation of nucleic acid bases and DNA (22) . Here, we report the use of ps-TRIR to produce a structural fingerprint of DNA base damage after 200-nm photoionization; in particular, we seek to identify a spectroscopic signature associated with formation of the guanine radical cation, G ϩ• . This species is formed by means of two processes, through the direct mechanism whereby photons ionize DNA components directly or through the indirect mechanism that involves generation of secondary reactants that once formed attack DNA to induce chemical modification. This work demonstrates the use of ps-TRIR to monitor the first stages of DNA damage through both mechanisms and its potential to help elucidate the subsequent chemistry that follows. Fig. 1 shows the ground-state IR spectrum of 5Ј-dGMP in buffered D 2 O, the band corresponding to carbonyl-stretching vibration (Fig. 1a) and the spectrum obtained 5 ps after the 200-nm irradiation of this solution (Fig. 1b) . It is clear that after the UV pulse the parent IR absorption at 1,662 cm Ϫ1 is bleached, there is a new transient feature produced at lower wavenumber side of the parent band, 1,638 cm Ϫ1 . The initial spectral changes we observe after 200-nm excitation are analogous to our ps-TRIR observations recently reported (22) for 5Ј-dGMP, using 267-nm excitation. At 267 nm the electronic excited singlet state of the base is formed, and the transient band at 1,638 cm Ϫ1 was assigned to the vibrationally excited (''hot'') ground state that is rapidly populated after ultrafast deactivation of the electronically excited singlet state. We thus assign the TRIR spectrum obtained at 5-ps time delay after 200-nm irradiation as groundstate bleaching of the parent molecule and production of vibrationally hot ground state. Thus, both 267-and 200-nm excitation produce electronically excited states that rapidly (Ͻ1 ps) (23) decay to give vibrationally hot ground state bands. Furthermore, by using 267-nm excitation no long-lived transients are observed, and the ground-state bands are reformed within 20 ps, indicating complete recovery (22) . However, in the ps-TRIR spectrum generated using 200-nm excitation the parent bleach does not fully recover, and accumulation of TRIR spectra at longer time delays (30-500 ps) reveals a transient feature at 1,702 cm Ϫ1 (Fig.  1c) . The intensity of this longer-lived transient is Ϸ20 times smaller than that of the hot ground state bands observed at early times and thus is unobservable at t Ͻ 20 ps. In addition, close examination of the relative intensities of the two bleaches suggests that another product band maybe present at Ϸ1,660 cm Ϫ1 (data not shown).
Results and Discussion
We assign this feature at 1,702 cm Ϫ1 to be a product of photoionization of 5Ј-dGMP. We have confirmed we are photoionizing 5Ј-dGMP by monitoring, using transient absorption, the production of the solvated electron at 800 nm. The relative yields for the formation of the solvated electron after 200-nm irradiation of 5Ј-dGMP and 50 mM pure phosphate buffer demonstrated that 5Ј-dGMP is photoionized because the yield is Ϸ3 times higher than that for the blank phosphate buffer solution. However, although this result gives evidence that this species is formed, the guanine radical cation can undergo rapid deprotonation according to the following equation:
Thus, the transient observed at longer times, Ͼ20 ps, may be due to either the initially formed guanine radical cation (G ϩ• ) or the deprotonated radical (G • ), and the ratio of products will be dependent on the rate of deprotonation. The rate of deprotonation, k 1 , has been the subject of controversy. The deprotonation was thought to be very fast (12, 13) , but measurements of the rate using transient UV pump, visible probe have been prevented because the weak absorbance of the radical base species overlaps with that of the solvated electron that is generated at the same time. However, recent pulse radiolysis experiments carried out by Kobayashi and Tagawa (24) radical is sufficiently powerful as an oxidizing agent to generate the guanine radical cation from guanine. The pK a of 3.9 for deprotonation of guanine radical cation (13) together with k 2 Ϸ 2 ϫ 10 10 s Ϫ1 (12) also indicates that k 1 is expected to be Ϸ10 7 s Ϫ1 . Using this result, it is tempting to suggest that on fast time scales deprotonation will not have occurred to any significant degree and assign the transient band at 1,702 cm Ϫ1 , observed after 200-nm irradiation to guanine to 5Ј-dGMP ϩ• . However, we note that experiments on the reactivity of SO 4 •Ϫ with pyrimidine bases has shown (25) that adduct formation occurs, and if this reaction was to occur under the conditions of the purine base study, then this process can be expected to complicate the kinetic analysis reported by Kobayashi and Tagawa (24) .
It is known that ionization occurs to much lesser extent with other DNA bases (12) . To study this topic using our IR spectroscopic probe, we have performed analogous experiments on 5Ј-dCMP. Similarly to 200-nm irradiation of 5Ј-dGMP, we see hot ground-state species immediately after irradiation of 5Ј-dCMP as previously reported using 267-nm excitation (22) . However, for this base we see no signal for the solvated electron above the background level of the neutral buffer and no longlived IR transient features indicating that no significant photoionization occurs for this base. This result is consistent with the yields for photoionization of cytosine at 193 nm, being 3 times less than for guanine (12) .
To establish that we can identify the specific ionized guanine signature within a mixed base sequence, we turned to investigate 200-nm irradiation of poly(dGdC)⅐poly(dGdC). The groundstate IR spectrum and the TRIR spectra are shown in Fig. 1 d-f . At early times (Fig. 1e) , we observed identical transient features such as those seen for this oligonucleotide using 267-nm excitation (22) . This signal, featuring IR bands at Ϸ1,620, 1,645, and 1,675 cm Ϫ1 , decays with characteristic short (Ͻ10 ps) and longer lifetimes (22) . However, in the 200-nm experiment at later times, an additional feature becomes apparent at Ϸ1,703 cm Ϫ1 (Fig.  1f ) . Again we were able to demonstrate unequivocally that photoionization was occurring by monitoring the absorption of the solvated electron that for the base-containing solution was 3 times higher than for the phosphate buffer blank.
The position of the transient ps-TRIR peak observed for poly(dGdC)⅐poly(dGdC) at long time delays after 200-nm radiation, 1,703 cm Ϫ1 , matches the transient bands observed in the single base 5Ј-dGMP spectrum under the same conditions and we therefore assign the spectral feature at Ϸ1,703 cm Ϫ1 as a signature for DNA damage. The observation of only a guanosine adduct signature after 200-nm irradiation of a guanosine͞ cytosine dibase system is consistent with our results for the lack of 5Ј-dCMP ionization.
To demonstrate that this IR approach can also be used to monitor indirect reactions of DNA as well as the direct DNA reactivity described above, we chose to study the reaction of carbonate radicals with 5Ј-dGMP. The carbonate radical (CO 3 •Ϫ ) is an important biological oxidant and has sufficiently high one-electron oxidation potential to cause oxidative damage of DNA, with guanine being the specific site of attack (ref. 26 2 ). Over the next few nanoseconds the band associated with 5Ј-dGMP is bleached concomitant with the formation of a transient band at Ϸ1,704 cm Ϫ1 . We attribute this spectral change to oxidation of guanine by CO 3 •Ϫ leading to the same product formation as in the case of direct photoionization. The guanine band at 1,665 cm Ϫ1 further bleaches with a characteristic time of Ϸ700 ns, consistent with diffusion-controlled oxidation reaction (Fig. 2) . This result demonstrates further that the IR spectroscopy can be used to monitor the reaction of DNA under conditions of oxidative stress.
Conclusions
Overall, the present work demonstrates how direct and indirect damage of DNA, in solution phase, can be monitored in real time on ultrafast time scales using picosecond vibrational spectroscopy. The result is significant because other spectroscopies do not possess enough molecular-specific spectral resolution to exclusively resolve the guanine oxidation product. Another important feature of this work is that it permits studying the dynamics after direct ionization of neat nucleic acid bases without the presence of secondary reactants such as inorganic or organic intercalators that may perturb the sensitive redox chemistry of the bases and molecular structure and dynamics of duplex DNA (10, 11) . The present work paves the way to study the mechanism resulting from ionization and charge transfer within the DNA helix using the IR spectroscopic signature of G ϩ• -generated products as well as the chemical mechanism for oxidative stress (including indirect radiation processes) in vivo. 3 was prepared according to procedures described in ref. 28 . Aqueous solutions of (poly)nucleotides (Ϸ10 mM) were made up containing 5 mM phosphate and 50 mM NaCl. The samples for TRIR spectroscopy were prepared by placing a small volume of solution between two CaF 2 windows of standard solution IR cell of 100-m path length (Harrick Scientific, Ossining, NY). The samples were frequently checked for decomposition of solution by using Fourier transform IR and UV͞visible spectroscopy. 3 . Schematic of the PIRATE TRIR spectrometer with 200-nm pump beam. BBO, the ␤-BaB2O4 nonlinear crystals; AgGaS2, silver gallium sulfide IR nonlinear crystal; OPA, optical parametric amplifier; DFG, difference frequency generation; SHG, THG, and FHG, second, third, and fourth harmonic generations, respectively; MCT, 64-element linear array mercury cadmium telluride detectors. The ns laser is an optional pump source operating at 267 nm, 1 kHz with Ϸ0.7-ns pulse length.
Materials and Methods
The ps-TRIR experiments were carried out by using the PIRATE apparatus at the Central Laser Facility of the Council for the Central Laboratory of the Research Councils Rutherford Appleton Laboratory and has been described in detail elsewhere (21, 29) . Fig. 3 shows the experimental set-up used in these experiments. Part of the output from a 1-kHz, 800-nm, 150-fs, 1-mJ Ti-Sapphire oscillator͞regenerative amplifier (SpectraPhysics Tsunami͞Spitfire) was used to pump a white light continuum-seeded ␤-BaB 2 O 4 optical parametric amplifier (OPA). The signal and idler produced by this OPA were difference-frequency mixed in a type I AgGaS 2 crystal to generate tuneable mid-IR pulses (Ϸ150 cm Ϫ1 full width at half maximum, 0.1 J), which were split to give probe and reference pulses. The 200-nm excitation laser pulses were produced by frequency mixing of a small portion of the fundamental (800 nm, 50 J) output of the regenerative amplifier with a frequencytripled portion (267 nm, 10 J) within a 1-mm-thick type I ␤-BaB 2 O 4 crystal. The 200-nm excitation energy at the sample was Ϸ0.5 J. The indirect chemistry was studied by using a synchronized 1-kHz nanosecond AOT-YVO-20QSP͞MOPA Nd:Vanadate diode pumped microlaser. Both the pump and probe pulses were focused to a diameter of Ϸ200 m and colinearly overlapped in the sample. Changes in IR absorption at set pump-probe time delays were recorded by normalizing the outputs from a pair of 64-element mercury cadmium telluride IR linear array detectors monitoring the probe and reference pulses on a shot-by-shot basis. Fitting of the ps-TRIR spectra was performed in ORIGIN 7.2 (OriginLab, Northampton, MA) using the sum of Lorentzian bands. To allow a precise calibration and fitting of TRIR spectra, ground-state IR absorbance spectra for 5Ј-dGMP and poly(dGdC)⅐poly(dGdC) were obtained with ps-TRIR apparatus by taking the logarithm of the ratio between probe signals for the sample and pure solvent in a pump off regime. The Lorentzian band parameters (band positions, widths, and the ratio between the band areas), obtained from the ground-state IR, were fixed during the fit of the ps-TRIR spectra.
